Region-of-interest (ROI) and tract-based diffusion tensor imaging (DTI) analyses have detected increased apparent diffusion coefficients (ADCs) and decreased fractional anisotropy (FA) in callosal and projection systems of adult patients with multiple sclerosis (MS). We explored whether similar changes occur in pediatric patients with MS, assessing 3 major white matter pathways (interhemispheric, projection, and intrahemispheric) in both visibly involved and normalappearing white matter (NAWM).
M
ultiple sclerosis (MS) generally begins in the second-tothird decade of life; however, it is increasingly recognized that MS occurs in children. 1 It is estimated that up to 10.5% of all cases of MS may have disease onset before 18 years of age. [1] [2] [3] [4] Little is known about the pathogenesis of pediatric MS and the similarities and differences compared with adultonset MS. Children with MS appear to experience a more inflammatory course of disease and accrue physical disability more slowly than adults; however, they have significant cognitive dysfunctions. 2, [4] [5] [6] [7] The pathology of MS is a result of both focal damage and distal processes, including retrograde degeneration, the latter of which can cause diffuse alterations in tissue structure in normal-appearing white matter (NAWM), 8, 9 which are generally not apparent on conventional MR imaging. Such changes have been associated with more progressive and irreversible disability. 9, 10 The location and extent of focal and diffuse tissue damage in children with MS is unknown. This is particularly important in understanding the underlying pathogenesis, the major functional systems involved, and factors related to the accrual of long-term clinical and cognitive disabilities. 1 MR imaging, in particular conventional T2-weighted imaging, is the best noninvasive reflection of the pathologic processes occurring in MS. MR imaging facilitates correlation with clinical disease and categorization into subtypes. 11 However assessing disease burden on the basis of T2 lesion load alone has its limitations, due in part to the lack of specificity and spatial orientation and the inability to identify diffuse changes that occur in MS.
Diffusion tensor imaging (DTI) quantifies the diffusive motion of water molecules. Diffusion of water molecules along the white matter fibers is relatively free; however, it is restricted perpendicularly by the myelin. Pathologic processes affecting the brain can modify water molecule diffusion. The quantitative parameters of DTI include apparent diffusion coefficient (ADC) and an anisotropy measure such as fractional anisotropy (FA). [12] [13] [14] ADC is the measure of average water molecular motion independent of directionality. The microscopic features, such as cellular size and fraction of extracellular space, affect ADC values. 13, 14 FA is a quantitative measure of deviation from isotropy and reflects the degree of alignment of cellular structures and tissue coherence. [13] [14] [15] Brain white matter has an oriented microstructure due to the presence of discrete white matter tracts that give rise to regions with aligned axons, resulting in high anisotropy. MS lesions and NAWM of adult patients with MS have been shown to have increased ADC and decreased FA. [15] [16] [17] [18] The alteration in these DTI measures is presumed to reflect the decreased white matter tract integrity and axonal damage both locally and distally.
Diffusion tractography is an extension of DTI, in which the directional information of water molecule diffusion is used to generate virtual 3D white matter tracts. 19 Tractography enables white matter to be parcellated into white matter pathways that have functional specificity and, therefore, enables assessment of disease processes in terms of functional systems. Studies in the adult MS population have found callosal and corticospinal tracts involved more frequently than in healthy controls, [20] [21] [22] [23] with involvement correlating with cognitive dysfunction and motor disabilities, respectively. 21, [23] [24] [25] MS in children and adolescents is an increasingly recognized disorder; however, little is known about its pathophysiology and MR imaging characteristics. To date, there are only 2 studies that have attempted to quantify the extent of brain and cervical cord damage in pediatric MS by using DTI and magnetization transfer ratio. 26, 27 Mezzapesa et al 26 showed only a modest increase of mean ADC in NAWM compared with that in healthy controls, in contrast to what has been reported in adult patients with MS. 18, 23 Tortorella et al 27 showed increased ADC and decreased FA in the NAWM of pediatric patients with MS compared with healthy controls. Neither of these studies used ROI and tract-based analyses. In our study, we have investigated the extent of diffusion abnormalities on 3 major white matter pathways (interhemispheric, projection, and intrahemispheric) in pediatric patients with MS to determine their involvement with ADC and FA measures. In addition, we analyzed the diffusion parameters in NAWM and the fibers passing through it, hypothesizing that the white matter containing lesioned and nonlesioned pathways and the NAWM not containing lesioned pathways are both affected. 
Materials and Methods

Recruitment of Patients
MR Imaging Acquisition
All scanning was performed on 1.5T Avanto and Sonata scanners (Siemens) at MGH. 
Postprocessing and Analysis of DTIs
Batch processing was facilitated by using a custom-made postprocessing stream to operate directly on the DICOM images as input. Diffusion Toolkit (www.trackvis.org, Diffusion Toolkit, Version 0.4.2) and the diffusion-weighted imaging (DWI) mask-generated voxel-based tensor data were used for track reconstruction. TrackVis (www.trackvis.org, TrackVis, Version 0.4.2) was used for ROI and fiber-track data analysis. Tracts were reconstructed by using a fiber assignment by continuous tracking (FACT) 28 algorithm and an angular threshold of 35°. We used a DWI mask to remove CSF but did not use an FA threshold for tract reconstruction, because the standard FA threshold of 0.2 would drop out tracts passing through some MS lesions and bias our results. To create the fiber systems of interest, we took the starting point manually by defining a ROI by referring to standard color FA 29 and tractography atlases. 30, 31 Catani and Thiebaut de Schotten 31 have reported that manually defined ROI placement has advantages over ROI delineation by automatic application of normalized cortical or subcortical masks in studying desired pathways. The tracts resulting from our analysis were visually assessed to ensure anatomic accuracy on the basis of these previously published tractography atlases and to confirm that the absence of an FA threshold did not result in spurious tracts. All the ROIs were placed on the color FA maps cross-referenced with b ϭ 0 T2-weighted images for accurate anatomic placement of the ROIs. The b ϭ 0 T2-weighted images were used because they are part of the diffusion tensor dataset acquisition; therefore, the b ϭ 0 images are naturally aligned with and have distortions similar to the diffusion tensor data. Also because the diffusion data are a lower resolution than the conventional images, partial volume averaging is going to occur in the diffusion data. Therefore, using a higher resolution conventional T2 to draw ROIs would not improve the accuracy of the measured ADC or FA values in these lesions.
A single ROI was placed in the entire corpus callosum (CC) in the mid-saggital plane for the inter-hemispheric fiber pathway ( Fig  1A) , 29, 31, 32 A two ROI approach was used for studying projection and long association fibers (LAF). One ROI was placed in the posterior limb of the internal capsule (PLIC) ( Fig. 2A ) and a second ROI was placed in the cerebral peduncle (CP) (Fig. 2B ) on the axial plane at the level of the midbrain to generate the projection fibers. 29, 31 For LAF, which include the superior longitudinal fasciculus (SLF), inferior fronto-occipital fasciculus (IFOF), and uncinate fasciculus (UF) ( Fig  2C, -D) , 30 one ROI is placed in the coronal plane for the SLF, lateral to the corona radiata, 36, 42 and a second ROI, on the axial plane at the level of anterior margin of eternal capsule, where the IFOF and UF pass close to each other. The tracts intersecting the single ROI (Fig.  1B) or both ROIs (Fig 3A and 3B) were constructed allowing tractbased measures. For NAWM, 10 identical ROIs were placed on color FA maps with cross-referencing to b ϭ 0 T2-weighted images (Fig 4A-D) to ensure that ROIs were placed in NAWM. These ROIs were placed in the genu and splenium of the CC (Fig 4A) , 2 ROIs each in the PLIC (Fig 4A) and CP (Fig 4B) . For association pathways in NAWM, 2 ROIs were placed in the axial plane above the body of the CC lateral to the corona radiata to . One ROI is placed in the coronal plane for the SLF, lateral to the corona radiata, 36, 42 and a second ROI, on the axial plane at the level of anterior margin of external capsule, where the IFOF and UF pass close to each other. 30 All the regions of interest are white.
segment SLF (Fig 4C) and 2 ROIs, in the region at the level of anterior floor of the external capsule to segments IFOF and UF (Fig 4D) . Tracts intersecting these ROIs were constructed. Any portion of the resulting tracts passing through regions of abnormal T2 signal intensity on b ϭ 0 T2-weighted images were excluded (Fig 5A-C) . ADC and FA images were loaded into TrackVis, and the mean ADC and FA in the specific ROIs and in the resulting tracts were recorded. All the ROIs were placed by a physician trained in tractography under the supervision of an experienced pediatric-neuroradiologist and a neurologist.
Statistical Analysis
A Wilcoxon signed rank test was used to compare the patients and the matched controls in terms of ROI mean ADC and mean FA as well as tract mean ADC and mean FA. The Spearman correlation coefficient was used to compare the number of lesions and NAWM ADC and FA measures. Given the exploratory nature of the study, no correction for multiple comparisons was completed. The data analysis for this article was generated by using the SAS System for Windows software, Version 9.1 (SAS Institute Inc, Cary, North Carolina) 
Lesion Burden on T2-Weighted Images
The total number of lesions in the CC and entire brain were counted and categorized on the basis of their size, ranging from 0 to 5 mm, 6 to 10 mm, 11 to 20 mm, and Ͼ20 mm for a comparative measure of disease severity.
Results
All patients had a diagnosis of RRMS. The mean age at the onset of disease was 15.25 years (range, 13.7-17.7 years); and at the time of the DTI acquisition, the mean age was 16.6 years (range, 15.1 to 18 years). There were 2 males and 8 females in our cohort. Mean disease duration was 1.67 years, and the mean treatment duration was 1.23 years, ranging from 1 month to 3.8 years. Seven of 10 patients were on betainterferon, 1 patient was on glatiramer acetate (Copaxone), 1 patient was treated with multiple drugs (daclizumab, betainterferon-1a, and methylprednisolone), and 1 patient was treated only with steroids. No patients received intravenous steroids within 30 days of MR imaging. The median Expanded Disability Status Scale score was 1.0 and ranged from 0 to 2. The mean age of the healthy controls was 16.68 years (range, 15.1-18.0 years).
ROI and Tract-Based Measures Including Involved White Matter
The mean ADC in the CC ROI was significantly elevated (P ϭ .0020) ( Table 1) as was the mean ADC in the ROIs for LAF (P ϭ .0059), PLIC (P ϭ .021), and CP (P ϭ .020) when compared with normative controls. The mean FA in the CC region of interest was significantly reduced (P ϭ .0039), as was the mean FA in the ROIs for the PLIC (P ϭ .0039) and LAF (P ϭ .027) compared with that in normative controls. The mean FA in the CP ROI (P ϭ .13) was not significantly different compared with that in normative controls.
No spurious tracts resulted from the use of a DWI mask and from the use of no FA threshold. Tract-based mean ADC values were significantly increased in all tract systems (Table  1) : LAF (P ϭ .002), projection fibers (P ϭ .0059 and P ϭ .002), and callosal fibers (P ϭ .037) compared with those in normative controls. A significant decrease was seen in the mean FA values along all tract systems studied: callosal fibers (P ϭ .0098), LAF (P ϭ .0098), and projection fibers (P ϭ .0098 and P ϭ .0039) compared with those in healthy controls.
ROI and Tract-Based Measures in NAWM
ROI mean ADCs in NAWM of the genu (P ϭ .002) and splenium (P ϭ .0039) of the CC; PLIC (P ϭ .0098), CP (P ϭ .037); and anatomic regions of association fibers, SLF (P ϭ .014), and IFOF and UF (P ϭ .002), were significantly higher than those in normative controls (Table 2) . ROI mean FA of the splenium (P ϭ .0059) of the CC, SLF (P ϭ .0039), and IFOF and UF (P ϭ .018) were significantly lower than those in normative controls. The mean FA in the ROIs for the genu of the CC (P ϭ .28), PLIC (P ϭ .25), and CP (P ϭ .19) was not significantly different when compared with that in normative controls.
No spurious tracts resulted from the use of a DWI mask and from the use of no FA threshold. Tract-based mean ADC was significantly increased in all fibers passing through the ROIs of NAWM (Table 2) : callosal fibers in the genu (P ϭ .041) and splenium of the CC (P ϭ .049); projection fibers in the PLIC (P ϭ .0098) and CP (P ϭ .0098); association fibers, SLF (P ϭ .0039), IFOF and UF (P ϭ .002); and aggregates of all the tracts passing through NAWM (P ϭ .0098). Tract-based mean FA values were significantly decreased along callosal fibers passing through NAWM of the splenium of the CC (P ϭ .002); projection fibers in the PLIC (P ϭ .0098) and CP (P ϭ .016); LAF: SLF (P ϭ .0098), IFOF and UF (P ϭ .014); and aggregates of all the tracts passing through NAWM (P ϭ .002).
Lesion Count and Size
The total number of lesions counted on proton attenuation and T2-weighted images in the brain as well as in the CC was used for a comparative measure of disease severity. The mean total number of lesions in the CC and total brain was 0.8 and 54.6, respectively. The mean size of the lesions in the corpus callosum ranged from 3.8 to 5.4 mm, and the lesions in the entire brain ranged from 2 to 50 mm. Two patients had lesions in the CC, 1 patient had a confluent lesion, and 7 patients did not have any lesions in the CC. The total number of lesions in the entire brain ranged from 3 to 99. The total number of T2 lesions in the brain significantly correlated with tract-based mean ADC of fibers passing through all NAWM (Fig 6) (Spearman correlation coefficient ϭ 0.73, P value ϭ .017). There was a trend toward a linear correlation with ROI mean ADC of all NAWM, but this trend failed to meet statistical significance (Spearman correlation coefficient ϭ 0.40, P value ϭ .26). In addition, a trend toward linear correlation with the ROI mean FA of all NAWM (Fig 7) (Spearman correlation coefficient ϭ 0.39, P value ϭ .26) and the tract-based mean FA of all NAWM (Spearman correlation coefficient ϭ 0.59, P value ϭ 0.072) was observed with the total number of T2 lesions in the brain, but the relationships failed to meet statistical significance, perhaps due to the limited sample size.
Discussion
The main objective of this preliminary study was to assess the DTI and tract-based DTI measures in 3 major white matter pathways in pediatric patients with MS. In summary, we have found that ROI mean ADC in the midline CC, PLIC, and LAF was significantly higher and mean FA was significantly lower in pediatric patients with MS compared with normative controls. ROI analysis of NAWM in pediatric patients with MS showed the mean ADC to be higher and the mean FA to be lower except for the genu of the CC, PLIC, and CP. However, the tract-based mean ADC for all the fibers passing through NAWM was significantly higher, and the mean FA was significantly lower in children with MS. There was no significant association between ROI or tract-based FA and total T2 lesion load.
Consistent with studies in adult MS, [33] [34] [35] we found diffusion abnormalities in ROIs placed in the midline CC, PLIC, and LAF in patients with pediatric MS. Coombs et al 35 demonstrated increased mean ADC and decreased mean FA in the entire CC of adult patients with MS (Table 1) , which mimic our findings. In our pediatric cohort, we also found elevated ADC and decreased mean FA in the callosal, projection, and LAF systems (Table 1) , in agreement with prior DTI tractography studies in adult patients with MS, [20] [21] [22] [23] [24] suggesting that tract-based abnormalities are present regardless of age of onset.
DTI-based tractography provides an opportunity for further study of the connectivity and function of these white matter pathways. 19 Similar to findings in our pediatric MS study, tractography studies [22] [23] [24] in adult patients with MS have demonstrated significant involvement of the callosal fiber system, corticospinal tracts, and association fiber systems, correlating with cognitive dysfunction and motor disability. Lin et al 20 demonstrated significant increase in the mean ADC along the corticospinal tracts 23 and the corpus callosum 22 of adult patients with MS, correlating with disability by using the pyramidal functional status score and the Paced Auditory Serial Addition Test scores, which are used to assess cognitive function in MS.
In our study, we also found significant involvement of the association fiber system in pediatric patients with MS in agreement with adult MS studies. 21, 24 These fibers are thought to be involved in the relay of information regarding spatial awareness, recognition, memory, visual perception, and other cognitive functions that are still under extensive research. [36] [37] [38] Studies of the involvement of these fibers may provide more insight into the mechanisms of cognitive dysfunction that are frequently observed in pediatric patients with MS. 39, 40 In this preliminary study, we grouped the right and left LAF together (Fig 3B) . Future larger studies may isolate left and right systems to correlate involvement with functional assessments. Overall, our findings demonstrate a similar extent of tract involvement in pediatric MS compared with published studies in the adult MS population, suggesting that the underlying pathophysiology of disease does not vary with age. However, larger comparative studies are needed to validate this hypothesis.
The total T2 lesion burden in pediatric patients with MS correlated with tract mean ADC of all NAWM tracts (Fig 6) and mean FA (Fig 7) , though statistically insignificant. The lack of statistical significance may be due to small numbers, low lesion activity, and shorter disease duration observed in our cohort compared with adult MS studies. 18 It is increasingly recognized that NAWM is affected in adult MS. [15] [16] [17] [18] Similar to authors of studies in adult MS, 17, 34, 41 we found that children with MS had higher mean ADC and decreased mean FA in ROIs used to segment NAWM ( Table  2) . The CC appears to be a commonly affected area in MS both when normal-appearing and lesioned CC were examined. 18, 23, 34 In agreement with authors of these studies of adult patients with MS, we found a significant increase in the mean ADC and a decrease in the mean FA in the normal-appearing ROIs for the splenium of the CC of pediatric patients with MS and did not find any significance in the mean FA of ROIs for the normal-appearing genu of the CC and PLIC. In contrast to findings of authors of adult MS studies, 18 we found significantly increased mean ADC in the ROIs for a normal-appearing genu of the CC, PLIC, and CP in the pediatric patients with MS, compared with normative controls. Further comparative studies are necessary to determine whether there is selective vulnerability in the genu of the corpus callosum and descending pathways in pediatric-onset MS compared with adult-onset MS. Our results demonstrate increased mean ADC in the ROIs of NAWM as well as tracts passing through NAWM in pediatric patients with MS, suggesting that diffuse damage is present even in early-onset MS. Most of our patients were within 2 years of disease onset, supporting the notion that diffuse damage and neurodegenerative mechanisms are present from very early in the disease course. Further studies are required to confirm these findings.
To our knowledge, our study is the first published report investigating tract-based diffusion abnormalities in pediatric MS. The main limitations of this study are the small sample size, retrospective nature, and variable DTI techniques. However, we have tried to overcome this last limitation by using controls matched for scanner subtype and DTI acquisition techniques. Future studies will focus on using higher resolution uniform DTI to isolate and study diffusion parameters of functionally specific white matter tracts and on correlating these tract-based measures with clinical and neuropsychological manifestations of pediatric MS.
Conclusions
In summary, our findings-that is, ROI and tract-based abnormalities in white matter-containing lesioned and nonlesioned pathways and in the NAWM not containing lesioned pathways are both affected-suggest that there is diffuse damage evident in the early stages of pediatric MS, pointing to the need for early treatment intervention. The early detection of DTI abnormalities suggests that DTI has a strong potential to serve as an outcome measure in clinical trials. Given the sensitivity of the tract-based measures shown in this study combined with the potential to associate specific cognitive tasks with the tract-based measures, DTI may be particularly useful in assessing the impact of MS on specific neurologic functions. Future studies need to involve large prospective cohorts to validate the involvement of major white matter structures in pediatric patients with MS in correlation with functional assessment. Such future studies will greatly improve our understanding of the extent of deficits in children with MS as well as the temporal evolution and impact on physical and cognitive function.
